INTRODUCTION
The small ruminant lentiviruses (SRLV) encompass two species of the genus lentivirus, i.e. Caprine arthritis encephalitis virus and Visna/maedi virus. These viruses induce persistent infections in goats and sheep, and less frequently in wild ruminants (Bertoni & Blacklaws, 2010; Bertoni & Blatti-Cardinaux, 2016; Minardi da Cruz, et al., 2013 ) . Clinical manifestations such as arthritis, mastitis, pneumonia and leukoencephalomyelitis occur only in a minority of the infected individuals, depending on the genetic background of the animals and the virulence of the infecting strain (Blacklaws, 2012; Heaton et al., 2012; Ramirez et al., 2013; Reina et al., 2009; White & Knowles, 2013) . SRLV are principally transmitted from mother to offspring via ingestion of infected milk or colostrum, and by aerosol between animals in close contact (Blacklaws et al., 2004) . The main target cells of SRLV are monocytes/macrophages (Narayan et al., 1982) and dendritic cells (Ryan et al., 2000) . Following infection, SRLV induce a robust immune response that is incapable of eliminating the virus, and this probably contributes to the pathological manifestations of SRLV infections (Blacklaws, 2012) .
SRLV can be divided into five phylogenetic groups, A-E, and further subdivided into subtypes. This classification is based on phylogenetic analyses performed on gag and pol sequences (Shah et al., 2004) . The genotype B1 is considered as the prototypic caprine arthritis encephalitis virus (CAEV), and the genotype A1 as the prototypic visna/maedi virus (VMV).
Recently, we analysed a series of field isolates obtained from seropositive, asymptomatic goats and sheep. Phylogenetically, these isolates belong to the SRLV A4 subtype, are of low virulence and tend to escape detection by conventional serological tests (Cardinaux et al., 2013) . A detailed analysis of the viral load and pathological lesions in adult animals naturally infected with this particular SRLV subtype revealed a low viral load in the classical target organs such as synovial membrane of the carpal joint, choroid plexus and lung, accompanied by the absence of histopathological lesions. These observations confirmed the low virulence of this A4 subtype. In the mammary gland of these animals, the viral load was surprisingly high and correlated with the presence of severe histopathological lesions, suggesting a tissue tropism for these viruses (Deubelbeiss et al., 2014) .
To explore the molecular characteristics of the SRLV A4 genotype, we completely sequenced three isolates and generated a replication-competent molecular clone of one of the viruses, named g6221, isolated from the milk cells of a healthy goat (Blatti-Cardinaux et al., 2016) . Sequence analyses showed that all the virulence genes, such as vif, dUTPase and vpr (tat), were intact and could not explain the low virulence of these strains. Indeed, SRLV strains carrying natural or targeted mutations of these virulence genes were shown to be attenuated in vivo (Grego et al., 2007; Harmache et al., 1995a Harmache et al., , b, 1996a Kristbjornsdottir et al., 2004; Reina et al., 2009; Turelli et al., 1996 Turelli et al., , 1997 .
In contrast, the LTR of these A4 viruses showed different mutations in several conserved elements considered important for the binding of transcription factors, or viral replication. Based on these results, we hypothesized that LTR mutations were responsible for the attenuation of these SRLV A4 viruses circulating in Switzerland despite the successful eradication of the once-predominant SRLV B1 strains.
The LTR flank the viral genome and consist of three parts: U3, R and U5. In the U3 region, different transcription factor-binding sites have been described, such as AP-1, AP-4, E-box, AML(vis), GAS, TAS and IRF-1 (Gabuzda et al., 1989; Hess et al., 1989; Sutton et al., 1997; Tong-Starksen et al., 1996) . The LTR region has been linked to cell specificity and replication rates in vitro and to virulence in vivo, ascribed to particular enhancing elements in the U3 and/or cytokine-binding sites such as GAS or TAS, potentially involved in the pathogenesis of SRLV-induced arthritis (Agnarsdottir et al., 2000; Andr esdóttir et al., 1994; Angelopoulou et al., 2006 Angelopoulou et al., , 2008 Barros et al., 2005; Murphy et al., 2010 Murphy et al., , 2012 Oskarsson et al., 2007) .
In this study, we tested the hypothesis pointing to the LTR as a determinant of attenuation for the SRLV A4 subtype. Secondly, we present a detailed functional analysis of the LTR of these viruses, employing a plasmid-based reporter system and molecular clones carrying the relevant LTR mutations.
RESULTS
Promoter activity of g6221 compared to that of other strains
We hypothesized that the low virulence of g6221 is linked to a series of mutations reducing its promoter activity; therefore, we constructed a series of reporter gene assays based on the LTR of g6221 and additional SRLV strains of defined virulence. As shown in Fig. 1 , the LTR activity of g6221 was comparable to that of the prototypic, virulent B1 strain CAEV-CO (Hess et al., 1986) , as well as to that of SRLV 697, a subtype A2/3 strain isolated from the spinal cord of a sheep showing neurological symptoms (Glaria et al., 2012) . The promoter activity of g6221 tended to be lower than that of the neurovirulent A1 strain Kv1772; however, the difference was not statistically significant (Oskarsson et al., 2007) .
Mutational analysis of g6221 LTR activity
To assess the impact of the mapped transcription factorbinding sites on promoter activity, a series of reporter gene constructs were developed. An overview of the plasmids used is shown in Fig. 2 and the corresponding sequences in Fig. S1 (available in the online Supplementary Material).
In the first step, each specific site and the E-box was successively replaced by an EcoRI recognition sequence. In addition, we constructed two LTR reporter gene plasmids containing reconstituted sites. In the first construct, the mutated E-box was replaced with the highly conserved sequence CAAATG, while in the second plasmid all LTR transcription factor-binding sites were replaced by their corresponding consensus sequences.
As shown in Fig. 3 , column 3, the replacement of the AP-1c site by an EcoRI recognition site had a dramatic effect on promoter activity, resulting in almost total abrogation (P<0.05).
To confirm this observation, we constructed two supplementary plasmids, where the AP-1c was replaced by a HindIII recognition site, or removed without substituting the deleted bases. Both plasmids confirmed our previous result, showing the absolute requirement of the AP-1c site for promoter activity in goat synovial membrane cells (GSM) and goat plexus cells (GPC) (Fig. S2 , columns 11 and 12, respectively).
To determine whether this particular AP-1c sequence, or rather its localization, had a crucial impact on promoter activity, we replaced all AP-1 sites with the AP-1c sequence. These replacements had no impact on LTR activity (Fig. 2,  column 13) .
Similarly, to determine whether the different mutations observed in the 5 AP-1 sites and the first AML(vis) had an impact on LTR activity, we replaced all these sites with the appropriate consensus sequences. These replacements (Fig. 3 , column 10) did not enhance LTR activity; on the contrary, in GSM cells it was significantly lower (P<0.05) compared with the WT g6221 LTR (Fig. 3, column g6221 ). Additionally, a plasmid containing a 40 bp duplication, including the AP-1c sequence, was constructed. This resulted in a significant improvement in promoter activity in GSM (P<0.05) but not in GPC (Fig. 3, column 14) .
In goat macrophages, the effect of deleting AP-1c was less severe than in GSM and GPC cells but still important, inducing a loss of LTR activity of about 80 % compared with the WT g6221 (Fig. 4 , column 3, P<0.03).
Additionally, several manipulations impacted on LTR activity, especially in macrophages, where deletion of AP1d and both AML(vis) sites decreased LTR activity, albeit without reaching statistical significance (Fig. 4 , columns 4 and 7, respectively). The deletion of a unique AP-4 site considered indispensable for replication had a minor impact on LTR activity in GSM and GPC and a more pronounced effect in macrophages as shown in Figs 3 and 4 (column 6), respectively, again without reaching statistical significance.
Impact of LTR mutations on viral replication
Next, we selected the most relevant mutations ( Fig. 2: constructs 3, 6, 9 and 14) and inserted them into the molecular clone pBR322-g6221. Viral replication was monitored for 21 days in different cells infected with the various mutants using the molecular clone CAEV-CO as an internal control. , the E-box with e, and the TATA box is also shown. The sequences of the sites with the suffix EcoRI or HindIII were substituted by an EcoRI or HindIII recognition sequence, respectively. The prefix 'd' signifies disrupted and 'c' means that the respective consensus sequence for a given site was introduced.
We infected GSM, GPC, immortalized caprine fibroblast cells (TIGEF), goat mammary cells (GMC), lamb synovial membrane cells (LSM) and goat macrophages as described in Methods.
Remarkably, the dAP-1c mutant did not replicate in GSM, GPC, TIGEF, LSM or GMC. The cells were infected successfully using 2.5Â10 5 viral copies and the dAP-1c mutant was in most cases detectable in the supernatant at very low levels (around 10 copies) for up to 14 days. Afterwards, the virus disappeared.
As shown in Fig. 5 , the replication of the dAP-4 mutant was reduced in all cells tested, with the exception of macrophages, where its replication curve was statistically indistinguishable from that of the WT g6221 virus.
According to a general linear model of variance analysis, the replication curves of the dAP-4 mutant were remarkably different in GPC (P<0.000000), where CAEV-CO showed a more efficient replication compared with the g6221-derived viruses (P<0.009), and significantly different in LSM (P<0.000007), where the replication of CAEV-CO was also significantly reduced (P<0.003). Similarly, the replication curves of the dAP-4 mutant were distinct in GSM (P<0.006), TIGEF (P<0.000000) and GMC (P<0.000001). In TIGEF and GMC the CAEV-CO replication curves were also significantly distinct, with P<0.000000 and P<0.0005, respectively.
The 40 bp duplication, which strongly enhanced the promoter activity of the A4 LTR in GSM cells, had only a minimal effect on virus replication in all cells tested, with the exception of TIGEF, where duplication clearly boosted viral replication (P<0.004). Remarkably in macrophages, all mutants were able to replicate efficiently and even the otherwise-lethal dAP-1c mutant demonstrated only a negligible reduction of replication efficiency in these cells. The cytopathic phenotype of all mutants perfectly reproduced the phenotype of the g6221 WT clone, inducing small syncytia in fibroblastic cells and cell lysis in macrophages (Cardinaux et al., 2013; Deubelbeiss et al., 2014) . The only exception was the dAP-4 mutant in GSM; this virus failed to induce the expected small syncytia (data not shown).
DISCUSSION
In a previous study, we isolated and sequenced representative strains of a particular SRLV A4 genotype circulating in Swiss goats and sheep. We discovered several flocks infected with this genotype and, due to the absence of overt clinical signs of SRLV-induced disease, we concluded that these viruses were apathogenic (Cardinaux et al., 2013) . The only exception was the detection of high viral loads and histopathological lesions in the mammary gland of animals chronically infected with this particular subtype (Deubelbeiss et al., 2014) . Sequence analysis of three field isolates of SRLV A4 revealed that all genes coding for virulence factors were intact and only the LTR contained a series of mutations, potentially explaining the attenuated phenotype of these viruses (Blatti-Cardinaux et al., 2016) .
This hypothesis seemed plausible in view of several previous reports showing that particular insertions or deletions in the LTR of different SRLV had a strong impact on virulence or attenuation, respectively (Agnarsdottir et al., 2000; Andr esdóttir et al., 1994; Angelopoulou et al., 2006 Angelopoulou et al., , 2008 Barros et al., 2005; Murphy et al., 2010 Murphy et al., , 2012 Oskarsson et al., 2007) . In this study, we tested the LTR promoter activity of an SRLV A4 field isolate in a reporter gene assay and compared it to those of representative SRLV strains of known virulence. To our surprise, the LTR of our molecular clone g6221 had a promoter activity comparable to those of the virulent strain CAEV-CO and the neurovirulent SRLV A2/3 strain 697. Only the LTR of the prototypic neurovirulent strain Kv1772 showed a stronger promoter activity in the cells tested.
In the subsequent step, we systematically disrupted the transcription factor-binding sites and other conserved elements to define their impact on promoter activity.
The AP-1c, one out of five such elements present in the SRLV A4 LTR, appeared to be indispensable for promoter activity in GSM and GPC. The importance of AP-1 sites for the promoter activity of SRLV LTR has previously been described (Gabuzda et al., 1989; Hess et al., 1989) , but in these previous studies the elements were closer to the TATA box.
Interestingly in goat macrophages, abrogation of this AP-1c site had a less dramatic impact on promoter activity, suggesting a compensatory activity by other Fig. 5 . Different cells were infected with the g6221 carrying the WT LTR (g6221), the g6221 virus with a reconstituted E-box (cE-box), g6221 with a disrupted AP-4 site (construct 6, dAP-4 in Fig. 2 ) and the g6221 virus carrying a 40 bp duplication in its LTR as shown in Fig. 2 (construct 14, 40bp -dupl in Fig. 2 ). Additionally cells were also infected with the prototypic SRLV B1 virulent strain CAEV-CO. The prefix 'd' signifies disrupted and 'c' means that the respective consensus sequence for a given site was introduced. LSM (a), GPC (b), GSM (c), TIGEF (d), GMC (e) and primary goat macrophages (f). Results represent the mean of three independent infection experiments and error bars represent the 95 % confidence intervals as determined with the Confidence-T function.
transcription factors. To confirm that the loss of promoter activity observed by substituting the AP-1c site with an EcoRI recognition sequence was not an artefact introduced by this particular sequence, we constructed two additional plasmids, one containing a HindIII recognition site instead of EcoRI and the second with a complete AP-1c site deletion. Both constructs confirmed the crucial importance of this site.
The replacement of all AP-1 and AMLa sites with the corresponding consensus sequences surprisingly decreased promoter activity in GSM (Fig. 3, column 10 ). This suggests, as is the case for human immunodeficiency virus (HIV-1; Duverger et al., 2013) , a potential involvement of one or more of the AP-1 sites targeted, or the restored AMLa site, in promoting the establishment of latency rather than virus replication. The unique AP-4-binding site present in the LTR was described as crucial or even essential for promoter activity (Campbell & Avery, 1996; Hess et al., 1989; Juganaru et al., 2010) . In our reporter gene assay, the replacement of AP-4 by the EcoRI recognition sequence had no significant influence on luciferase activity.
Previous studies have shown that particular strains of VMV containing a spontaneous duplication in their LTR display increased replication efficiency in sheep choroid plexus cells, sheep fibroblasts and sheep synovial cells, correlating with a marked neurovirulence (Agnarsdottir et al., 2000; Oskarsson et al., 2007) . We duplicated the matching 40 bp region of the g6221 LTR, thereby significantly enhancing its promoter activity in GSM. This caused an increase in reporter gene activity but did not translate into an enhanced replication of the mutant virus carrying this duplication in GSM, only in TIGEF. This highlights the dangers of extrapolating potential effects on virus replication from data obtained with reporter gene assays. On the other hand, the enhanced virus replication observed in TIGEF demonstrates that spontaneous mutations arising in the LTR region may generate more efficient and potentially virulent variants of these attenuated SRLV strains.
As for the 40 bp duplication, when the AP-1c or AP-4 LTR mutations were introduced in the replication-competent molecular clone, the results obtained with our reporter gene assay were only partially confirmed. In the case of AP-1c, as expected, replication capacity of the virus was severely impaired in the fibroblastic cells, whereas it could replicate in macrophages, albeit with a slight delay compared with the WT clone.
In contrast, disrupting the AP-4 site did not confirm the results obtained with the reporter gene assays. Removal of the AP-4 site negatively influenced virus replication in different cells, especially in GPC. The only exception was observed in infected macrophages, in which the disrupted AP-4 site did not influence virus replication. We cannot exclude that in these particular cells an additional AP-4 site positioned downstream of the TATA box (CAGCTG) may compensate for the activity of the disrupted site. These contradictory results confirmed previous observations indicating that reporter gene assays can only partially predict the effect of LTR mutations in the context of a replicating virus (Glaria et al., 2012; Oskarsson et al., 2007) . Surprisingly, neither substituting the highly conserved Ebox with an EcoRI site nor reconstituting it with the highly conserved sequence detected in phylogenetically distant strains, such as the prototypic SRLV B1strain CAEV-CO and the SRLV A1strain 1514, had a significant impact on the promoter activity of g6221. This indicates that, at least in this strain and in the reporter gene assay, the highly conserved E-box is dispensable.
The replication curves of g6221 were significantly different from those of the CAEV-CO molecular clone in GPC, GSM, TIGEF and GMC, where CAEV-CO replicated more vigorously. Only in LSMdid g6221 replicate more efficiently, confirming the limited replication capacity of CAEV-CO in sheep cells (Chebloune et al., 1996) . Finally, we found no in vitro evidence for the hypothesized mammary gland tropism of these SRLV A4 viruses (Deubelbeiss et al., 2014) ; in fact, g6221 replicated less efficiently than the CAEV-CO strain in primary GMC (Fig. 5e ) and reached slightly lower titres in these cells than in LSM, GPC, GSM (Fig. 5a-c) or macrophages (Fig. 5f ). The mammary gland is, however, rich in macrophages, especially at parturition, and the robust replication of g6221 in these cells, equalling that of the virulent CAEV-CO, may well explain the apparent mammary gland tropism of this strain (Deubelbeiss et al., 2014) .
In conclusion, the analysis of the LTR of the g6221 SRLV A4 isolate contradicts our working hypothesis, which stated that the attenuation of these viruses resides in the weak promoter activity of their LTR. We have identified the AP-1c site as essential for both promoter activity and viral replication and confirmed the importance of the AP-4 site for viral replication as well as cytopathogenicity. In subsequent studies we will focus on other genes, comparing attenuated and virulent isolates of SRLV. The env gene will be our next candidate as it may modulate the cytopathic behaviour of these particular isolates and contribute to attenuation or virulence (Blatti-Cardinaux et al., 2016) .
METHODS
Site-directed mutagenesis. Site-directed mutagenesis was performed using the QuickChange Lightning Site-directed mutagenesis Kit [Agilent Technologies (Switzerland)], following the manufacturer's instructions.
Cells. The primary goat synovial membrane cells (GSM), goat plexus cells (GPC), lamb synovial membrane cells (LSM) and goat mammary cells (GMC) were produced at our institute following standard protocols. Briefly, tissue explants were obtained aseptically from animals euthanized according to the Swiss animal welfare regulations. Tissue fragments were cultured in Dulbecco's MEM (Biochrom) supplemented with 5 % or 10 % (GSM) FCS (GE Healthcare Europe) at 37 C and 5 % CO 2 in a humidified atmosphere. Medium was substituted with fresh medium 24 h after plating and the cells passaged after reaching confluency. All cells were tested on a monthly base for mycoplasma contamination by PCR and by PERT assay for potential retroviral infection (Pyra et al., 1994) . Blood-derived goat macrophages were produced as previously described and seeded in 6-well plates (5Â10 5 cells per well), in RPMI 1640 Medium (Life Technologies Europe) supplemented with 5 % goat serum (Sigma-Aldrich Chemie) (Cardinaux et al., 2013 Reporter gene assay. The LTR-luciferase plasmids were produced by cloning different LTR U3-R constructs in the pGL4.10 vector (Promega) using XhoI and HindIII restriction sites (XhoI and BglI for CAEV-CO). The U3-R mutated constructs were either chemically synthesized (Eurofins MWG Operon) or produced by site-directed mutagenesis.
Luciferase assay. GSM and GPC were seeded in 6-well plates at a density of 2.5Â10 5 cells per well, in Dulbecco's MEM (Biochrom) supplemented with 0.5 % FCS (GE Healthcare Europe). Blood-derived goat macrophages were produced as previously described and seeded in 6-well plates (5Â10 5 cells per well), in RPMI Medium (Life Technologies Europe) supplemented with 5 % goat serum (Sigma-Aldrich Chemie) (Cardinaux et al., 2013) .
Cells were co-transfected with 400 ng of test plasmids and 40 ng of plasmid pGL4.73 (Promega), using 6 µl (15 µl for macrophages) Lipofectamine LTX with Plus reagent (Life Technologies Europe). Plasmid pGL4.13 (Promega), expressing the luc2 reporter gene under the control of the SV40 early enhancer/promoter, was used as positive control, and empty vector pGL4.10 as negative control. All experiments were performed in triplicate. Twenty-four hours after transfection, the firefly and Renilla luciferase activities were measured using the Dual-Luciferase assay system (Promega) following the manufacturer's instructions.
Construction of the pBR322-g6221 LTR mutants. To construct variants of the g6221 molecular clone carrying the selected LTR mutations, the 5¢ and 3¢ LTR of g6221 were first sub-cloned in modified pUC18 plasmids, using NotI and SacI restriction sites for the 5¢ LTR, and XhoI and AgeI sites for the 3¢ LTR. LTR mutations were inserted by site-directed mutagenesis. The LTR containing a 40 bp duplication (Fig. 2) were synthesized chemically and cloned in the modified pUC18 vectors (Eurofins MWG Operon).
Each modified LTR was then reinserted in the molecular clone, using the above-mentioned restriction sites. Each cloning step was followed by sequencing.
Enzymes were purchased from Fermentas. Chemically competent Escherichia coli One Shot TOP10 cells were used to amplify the different plasmids (Life Technologies Europe), which were subsequently purified using the Qiagen Plasmid Maxi kit (Qiagen).
Transfection and infection with LTR mutants. Before transfection, the plasmids were linearized with NotI (Fermentas). Four hundred nanograms of linearized plasmid were transfected in GSM seeded in 6-well plates in Dulbecco's MEM (Biochrom), supplemented with 0.5 % FCS, using Lipofectamine LTX with Plus Reagent (6 µl Lipofectamine per well; Life Technologies Europe). After 24 h, medium was replaced with fresh medium (supplemented with 10 % FCS for the GSM and 5 % FCS for all other cells). One week post-transfection, supernatants were collected and analysed by real-time reverse transcription (RT)-PCR to assess the number of viral copies produced (Cardinaux et al., 2013) .
New cells were then seeded in 6-well plates at a density of 2.5Â10 5 cells per well and infected with cell culture supernatant containing 2. . The cell culture medium was replaced with fresh medium after 24 h (medium supplemented with 10 % FCS for the GSM, 5 % FCS for all other cells and 5 % goat serum for macrophages). Viral replication was assessed by quantitative real-time RT-PCR at days 3, 7, 10, 14, 18 and 21 post-infection and the results expressed as virus copy number per 5 µl supernatant (Cardinaux et al., 2013) . Cytopathic effects were monitored 21 days post-infection by optical microscopy inspection after staining the cells with Hemacolor (Merck).
Statistical analysis. All statistical procedures were performed with the NCSS 2007 software (Number Cruncher Statistical Systems) using Kruskal-Wallis one-way ANOVA on ranks combined with Bonferroni (with control) multiple-comparison test for all LTR activity analyses, with the exception of those in macrophages, for which Mann-Whitney U or Wilcoxon rank-sum test for difference in medians was used (Sokal & Rohlf, 1995) . t-tests were used for given time points of the virus replication analyses, and the virus replication curves were analysed using general linear models of variance analysis implemented in NCSS (Sokal & Rohlf, 1995) .
